Laser induced fluorescence spectrum of NiBr in the visible region between 604 and 666 nm has been recorded and analyzed. Fourteen bands belonging to three electronic transition systems, namely, ͓15.1͔ 2 ⌬ 5/2 -X 2 ⌸ 3/2 , ͓15.1͔ 2 ⌸ 3/2 -X 2 ⌸ 3/2 , and ͓14.0͔ 2 ⌬ 5/2 -X 2 ⌸ 3/2 have been observed. Spectra of isotopic molecules were also observed and analyzed. Detailed analysis of the recorded spectra indicated that the two electronic states ͓15.1͔ 2 ⌸ 3/2 and ͓15.1͔ 2 ⌬ 5/2 lie about 1 cm −1 apart from each other and J-dependent perturbation due to spin-uncoupling interaction has been observed. Least squares fitting procedures involving deperturbation matrix elements were used to fit the observed line positions, which yielded accurate molecular constants for the ͓15.1͔
I. INTRODUCTION
Considerable efforts have recently been devoted to the studies of transition metal compounds to understand their spectroscopic properties. 1, 2 These studies begin with diatomic molecules involving one transition metal element and one main group element from group IV to VII in the periodic table, where major interest lies in the understanding of the chemical bonding involved and the determination of molecular properties. Such diatomic molecules can be viewed as the transition metal atom is subjected to the influence of a ligand ͑main group atom͒. Besides oxides, 3 carbides and nitrides 4 and recently monohalides 2, 5 have been reported. They are the simplest examples for studying metal-ligand interaction. Spectroscopic investigation of the diatomic compounds yields molecular properties such as bond length and bond strength and also gives information concerning electronic structure and the occupation of molecular orbitals formed from a transition metal atom and a main group element. Despite of the fact that these are diatomic molecules, the electronic transition spectrum is often quite complex and congested. This is because the fivefold degenerate d orbitals of the transition metal atom make possible electronic states that are close in energy and the unpaired electrons will give rise to many close-lying electronic states with high spin multiplicity. In addition, transition metal and main group atoms often have isotopes with appreciable abundance and the isotope spectra cause serious spectral overlap in the near vicinity. Furthermore, perturbations and hyperfine structure are frequently found in the spectrum of these molecules. Highresolution spectroscopic techniques are proven to be necessary for detailed studies of these molecules.
Amongst the nickel monohalide diatomic compounds, much high-resolution work was performed to NiF ͑Refs. 6-17͒ and NiCl ͑Refs. 18-24͒ earlier and good knowledge of the electronic structure of these nickel monohalides has been obtained. However, our understanding of NiBr ͑Refs. 25-31͒ and NiI ͑Refs. 32-36͒ is still quite fragmented. We have performed high-resolution spectroscopic studies to these molecules and the amount of spectroscopic information obtained for the excited states for NiBr and NiI is still quite limited when compared with the other two nickel monohalides. Electronic emission transition bands of NiBr in the UV and visible regions between 3800 and 5000 Å were recorded. Only vibrational constants were reported using the conventional grating spectroscopy. Recently, Leung et al. 30 In this paper, we describe the analysis of 14 electronic transition bands, belonging to three new electronic systems, recorded using the technique of laser vaporization/reaction free jet expansion and laser induced fluorescence spectroscopy. The three electronic transitions identified are 2 ⌸ 3/2 states are only 1 cm −1 apart; perturbations between the different vibronic states were observed and satisfactorily explained. In addition, hyperfine interaction arising a͒ from unpaired electrons and the magnetic moment of the bromine atom with a nuclear spin of I =3/2 has also been observed and analyzed.
II. EXPERIMENT
The experimental apparatus and detailed procedure for producing transition metal containing molecules using laser vaporization/reaction free jet expansion and LIF spectroscopy have been described in earlier publication. 34 Only a brief description of the relevant experimental conditions for obtaining the NiBr spectrum is given here. Pulses of laser radiation at 532 nm, 9 -10 mJ, and 10 ns from a Nd:YAG ͑yttrium aluminum garnet͒ laser were focused onto the surface of a nickel rod to generate nickel atoms. A pulsed valve, synchronized with appropriate delay time, released gas mixture of 2% C 2 H 5 Br in argon to react with the nickel atom to produce NiBr. The Nd:YAG-pulsed valve system was operated at 10 Hz. Argon ion laser pumped cw ring dye laser operating with DCM and R6G ͑Exciton, Inc.͒ dyes in the visible region and argon ion laser pumped cw ring Ti:sapphire laser in the near infrared region were used to excite the jet cooled NiBr molecules. LIF signal was collected by a lens system and detected by a photomultiplier tube. A linewidth of about 250 MHz was obtained. The wavelength of the dye laser was measured using a wavemeter with an accuracy of one part in 10 7 . The absolute accuracy of the measured line position is about ±0.002 cm −1 . Figure 1 shows a broadband low-resolution scan of the NiBr spectrum in the visible region between 14 300 and 16 600 cm −1 . From the low-resolution LIF spectrum, the four strong bands near 15 100 cm −1 are the ͑0,0͒ bands of the ͓15.1͔
III. RESULTS AND DISCUSSION
systems. Vibronic transition bands ͑vЈ ,0͒ with vЈ =0-5 to of these four systems have been recorded and analyzed. Another system, the ͓14.0͔
2 ⌬ 5/2 -X 2 ⌸ 3/2 transition, with vibronic bands ͑0,0͒, ͑4,0͒, and ͑5,0͒ was also recorded and analyzed.
Two band heads were located at 15 108 and 15 380 cm −1 , which were assigned as the ͑4,0͒ and ͑5,0͒ bands. Due to limitation in our dye laser wavelength coverage, molecular transition ͑vЈ ,0͒ bands with vЈ =1-3 were not recorded. The ͑0,0͒ band head was observed at 13 986 cm −1 using Ti:sapphire laser with short wave ͑SW͒ optics. The vibrational quantum number assignment was confirmed by examining the isotopic shift between 58 Ni 81 Br and 58 Ni 79 Br molecules. Each of these bands consists of resolved P, Q, and R branches. Line assignment was simple because the first line of each branch was observed. Figure 2 shows the band head region of the ͑4,0͒ band. The observation of P͑3.5͒, Q͑2.5͒, and R͑1.5͒ lines establishes that this is a ⍀Ј = 2.5 and ⍀Љ = 1.5 transition. Furthermore, the Q and R branches are stronger than the P branch, which is consistent with a ⌬⌳ = + 1 transition. Since the spectrum was recorded at relatively low temperature, only low J lines ͑J ഛ 20.5͒ were observed and no ⌳-type doubling was detected. The observed line positions were fit to a standard formula
where the Ј and Љ refer to the upper and the lower states, −1 , respectively. The R and Q branches are stronger than the P branch, which agrees well with a ⌬⌳ = +1 transition. The first line of the P, Q, and R branches are, respectively, with J = 3.5, 2.5, and 1.5, which confirmed that the ⍀Ј = 2.5 and ⍀Љ = 1.5. Figure 3 shows the band head region of the ͑2,0͒ band. A list of the measured line positions of the observed transition bands of the ͓15. Figure 4 shows the band head region of the ͑2,0͒ band of the 58 Ni 79 Br isotope. It can be seen easily that the P and R branches are stronger than the Q branch, which agrees well with a ⌬⌳ = 0 transition. Furthermore, the first line of the P, Q, and R branches are, respectively, with J = 2.5, 1.5, and 1.5, which confirmed the assignment of the ⍀Ј = ⍀Љ = 1. 2 ⌸ 3/2 -X 2 ⌸ 3/2 transitions began with the ͑4,0͒ and ͑5,0͒ bands and the least squares fit was performed to individual band. These bands were the easiest ones to be analyzed because the spectra of the isotopic molecules are widespread and do not overlap with each other. Using standard parameters such as the band origin, T 0 , and rotational constants B and D for the upper states and the known molecular constants for the ground state, the ͑5,0͒ and ͑4,0͒ bands were fit properly with the overall root mean square ͑rms͒ errors approaching the experimental limit of 0.002 cm −1 . However, problems started to show up when we tried to fit the ͑3, 0͒, ͑2, 0͒ ͑1, 0͒, and ͑0, 0͒ bands individually, and the ͑0,0͒ band was the worst, for both the ͓15.1͔ 2 ⌬ 5/2 -X 2 ⌸ 3/2 and ͓15.1͔ 2 ⌸ 3/2 -X 2 ⌸ 3/2 transition systems. Individual bands could not be fit properly with this simple model because the energy level positions are shifted by an interaction, which has not been taken into account. Figure 5 depicts the term value plot of the v =0-3 levels of these two states, which shows that the ͓15.1͔
2 ⌬ 5/2 and ͓15.1͔ 2 ⌸ 3/2 states are lying closer and closer as the vibrational quantum number decreases and the two vibronic levels of the states are interacting with each other. For the v = 3 level, the separation between the two states is 17.6 cm −1 , and the separation between the v = 0 level, in fact, decreases to only 1.5 cm −1 . Figure 6 shows a plot of the term values of the v = 0 level on a reduced energy scale for both ͓15. 39 The effective Hamiltonian and matrix elements for such interaction were worked out in detail. In order to fully describe the interactions between the 2 ⌸ and 2 ⌬ states, a 4 ϫ 4 matrix would be necessary. Since the spinorbit interaction in NiBr is generally very large, the two spinorbit components of a doublet state is quite far apart and practically the observed spin components has been classified by the ⍀ value. This is the situation for the two interacting excited states that only one spin component of the doublet states ͑ 2 ⌬ and 2 ⌸ states͒, namely, ͓15.1͔ 2 ⌬ 5/2 and ͓15.1͔ 2 ⌸ 3/2 states, are observed. Under such circumstance, a 2 ϫ 2 matrix is sufficient to account for the interaction and the following are the matrix elements in Hund's coupling case ͑a͒ scheme, and
where all the band origins and rotational constants have their usual meanings. The b parameter arises from the orbitrotation operator ͑−BJ ± L ϯ ͒ which has nonzero matrix element with selection rule ⌬⍀ = ⌬⌳ = ϯ 1. Using the 2 ϫ 2 matrix, we performed least squares fit to the measured term values of each vibrational level of both the 2 ⌸ 3/2 and the 2 ⌬ 5/2 states simultaneously. Since the B, D, and b parameters have similar forms of J dependence, we experienced strong correlation among these parameters in the least squares fitting. In view of the fact that only relatively low J transition lines ͑J ഛ 20.5͒ were measured, after some experimentation with the fitting program we eventually fixed the D ⌬ and D ⌸ parameters, respectively, at values of 0.2 ϫ 10 −6 and 0.1ϫ 10 −6 cm −1 . Due to the difference in the vibrational constants for the two interacting states, as the vibrational quantum number increases the separation between the two interacting states also increases, the interaction between them decreases, and the b parameter was fixed at zero from the v = 4 level onwards. The overall rms error of the fit was about 0.005 cm −1 , which is slightly higher than the experimental limit of 0.002 cm −1 . The results are listed in Table  II 2 ⌸ 3/2 -X 2 ⌸ 3/2 transition the corresponding bands were not recorded. Individual transition bands were fit using our least squares program and the results are included in Table II . Both the two ͑5,0͒ bands were fit properly with an overall rms error about 0.002 cm −1 , but other bands were with larger rms errors between 0.012 and 0.020 cm −1 due to the fact that the perturbation from the ͓15.1͔ 2 ⌸ 3/2 was not accounted for.
E. Isotopic relationships
Molecular parameters of isotopic molecules are approximately related by different powers of the mass dependence = ͑ / i ͒, where and i are the reduced masses of 58 Ni 79 Br and one of the isotopes, respectively. Since 58 Ni 79 Br is the most abundant isotope, isotopic effects are calculated relative to it. Table III compares the observed and calculated equilibrium molecular parameters. The agreement of these values is good; the small discrepancy in the vibrational constants reflexes the slight inaccuracy in the band origins of the least squares fit due to the deperturbation procedures.
F. Hyperfine structure in the †15.1 ‡ 2 ⌬ 5/2 -X 2 ⌸ 3/2 band Figure 7 shows the band head region of the ͑1,0͒ band of the ͓15.1͔
2 ⌬ 5/2 -X 2 ⌸ 3/2 transition. It is easily noticed that the Q͑2.5͒ line splits into two peaks and the Q͑3.5͒ and Q͑4.5͒ have linewidth wider than the expected Doppler width. The structure and the larger linewidth arise from unresolved hyperfine structure, which is due to the interaction between the magnetic moment of the unpaired electron and the magnetic moment of an atom in the molecule. Since the 58 Ni and 60 Ni atoms have nuclear spin equal to zero, the observed hyperfine structure is expected to be caused by unpaired electrons interacting with the large magnetic moment of the bromine nucleus with nuclear spin I =3/2. The rapid decreases in linewidth as J increases suggest that the coupling case is close to Hund's case ͑a ␤ ͒ coupling scheme. 40 Comparing linewidth of transition lines in other electronic systems studied, one can establish that the hyperfine structure occurs mainly in the excited ͓15.1͔ 2 ⌬ 5/2 state. Magnetic hyperfine interactions in diatomic molecules were studied in detail by Frosch and Foley. 41 The hyperfine
Hamiltonian responsible for such interactions is
where a, b, and c parameters are the same as those defined by Frosch and Foley. 41 The three terms in the hyperfine Hamiltonian are, respectively, the nuclear spin orbit, the Fermi contact, and the dipolar electron spin and nuclear spin interactions. For a ⌬ state with large spin-orbit interaction, the angular momentum coupling case is appropriately described by Hund's coupling case ͑a ␤ ͒. In such a coupling case, the grand total quantum number F results from the coupling of the nuclear spin I with angular momentum J, where F = I + J. Hyperfine matrix elements of a ⌬ state in Hund's coupling case ͑a ␤ ͒ can be found in the work of Azuma et al. 42 The matrix elements important for this analysis are , ͑7͒
where h = ⌳a + ͑b + c͒⌺ for the 2 ⌬ 5/2 substrate; with ⌳ = 2 and ⌺ = 1 2 , this becomes h =2a + 1 2 ͑b + c͒. The observed rotationhyperfine line positions were fit in two steps. Initially, molecular parameters such as rotational constants and band origin of individual band were obtained in a band-by-band least squares fit and, subsequently, the hyperfine parameter was included for fitting the lines with hyperfine components. The hyperfine constant, h 5/2 , for the ͑1,0͒ band of the ͓15.1͔
2 ⌬ 5/2 -X 2 ⌸ 3/2 transition was determined to be 0.0039͑8͒ cm −1 . With only partially resolved hyperfine structure as shown in Fig. 8 , we have not been able to observe the vibrational dependence of the hyperfine constant. Theoretical calculations would be useful to find out the amount of contribution from the bromine atom from different molecular orbitals. Hyperfine constants in many studies were able to help evaluating such contributions; the h 5/2 constant determined in this work is a combination of a, b, and c constants, which could not be interpreted fully unless other h components are also determined.
G. Discussion
The molecular-orbital energy level diagram and some low-lying electronic states of NiBr have been discussed earlier. 30 Many known electronic states of NiBr are expected to arise from the electronic configurations as follows: Br.
